In the three years since the last Perspectives article in the Journal of Clinical Investigation on this topic (1), there have been major advances in our understanding of the heterogeneous mechanisms responsible for the hypercalcemia of malignancy. Reports of many of these advances have appeared in the pages of the Journal of Clinical Investigation. These advances include discovery and characterization of the PTH-related protein (PTH-rP)' produced by many solid tumors, demonstration of tumor-derived transforming growth factor-alpha (TGF-alpha) as a bone-resorbing factor that can cause hypercalcemia, identification of lymphotoxin as thie major mediator of bone destruction in myeloma, and definitive demonstration of increased renal tubular reabsorption of calcium in hypercalcemia associated with solid tumors.
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One concept that has not changed in these last three years is that the mechanisms responsible for hypercalcemia ofmalignancy are heterogeneous. Different patterns of disturbances in calcium homeostasis occur in different types of malignancy. A simple diagram illustrating some of these different patterns is shown in Fig. 1 . In all of the examples provided, increased bone resorption is an important feature. However, the importance of the net fluxes of calcium that occur across the other two major organs that guard calcium homeostasis (gut and kidney) depend on the type of tumor.
PTH-related protein (PTH-rP) and solid tumors
In the last 12 months, a succession of papers has described a protein isolated from solid tumors that has significant sequence homology in the NH2-terminal region to PTH. It was first suggested by Albright almost 50 years ago that hypercalcemia of malignancy could be related to PTH or a PTH-like peptide, but it was not appreciated just how PTH-like this factor was until it was purified from a variety of tumor cell lines and molecularly cloned (2) (3) (4) (5) (6) . This protein is composed of 141 amino acids, with 8 of the first 13 residues identical to those of human PTH. Since the NH2-terminal region of the PTH molecule is responsible for biologic activity and binding to the PTH receptor, it is not surprising that PTH-rP mimics the effects of PTH by binding to and activating the PTH re-ceptor (3) . Synthetic peptides that correspond to the NH2-terminal end of PTH-rP have now been tested in vitro and in vivo; these peptides appear to have effects essentially identical to those of PTH on the kidney and bone (7) (8) (9) (10) (11) (12) . Synthetic peptide analogues of PTH-rP enhance osteoclastic bone resorption in vitro (7, 9, 10) , enhance renal tubular calcium reabsorption (7, 9) , and cause hypercalcemia in vivo (8) (9) (10) . Differences in potency with PTH have been suggested (7), although these have not been found by other workers (8) (9) (10) .
These observations provoke obvious questions about the normal physiologic role of this protein and its relationship to PTH and to the PTH receptor. The immediate question is whether this protein explains all of the manifestations of hypercalcemia of malignancy in patients with solid tumors. Based on current data, this is unlikely. The syndrome of humoral hypercalcemia of malignancy associated with solid tumors is quite distinct from that of primary hyperparathyroidism, and cannot be explained simply by what is known of the effects of synthetic peptides of PTH-rP on kidney, bone, and gut. For example, osteoclastic bone resorption is much more prominent in humoral hypercalcemia of malignancy than in primary hyperparathyroidism, bisphosphonate therapy is more effective in lowering the serum calcium, and available information suggests rates ofbone formation are reduced. There are also differences in the renal tubular function of the two syndromes. Patients with primary hyperparathyroidism have normal or increased 1,25 dihydroxyvitamin D production, which is probably a consequence of increased PTH and lowered ambient phosphate concentrations. However, in the hypercalcemia of malignancy, even when PTH-rP is produced by the tumor, 1,25 dihydroxyvitamin D production is usually suppressed (13) and patients tend to be alkalotic, rather than hyperchloremic and mildly acidotic, as is the case in primary hyperparathyroidism (14) . How can these differences be explained? One possibility is that the full-length molecule behaves differently from the synthetic peptide. However, it is unlikely that opposite effects (e.g., decreased bone formation and decreased 1,25 dihydroxyvitamin D production) will be explained in this way. A more likely possibility is that the effects of the PTH-rP on target organs are modified by other factors, such as TGF-alpha, IL-1, and tumor necrosis factor (TNF). These factors are all more powerful bone-resorbing factors than PTH in vivo (9, 15) and in vitro (16) . Each increases plasma calcium (15, 17, 18) . Evidence for the role of these factors was discussed in more detail in the earlier Perspectives article on this topic (1) . Since these factors are often produced by tumors, which also produce PTH-rP, hypercalcemia in these circumstances is probably due to the combined effects of PTH-rP and these factors on target organs. These factors act synergistically with PTH (and probably also with PTH-rP) to stimulate bone resorption in vitro (19) in biological assays, PTH-rP has a basic amino acid carboxyl terminus of 57 residues that could well mediate other biological effects.
According to the data of Moseley and co-workers (22) (23) .
One point to emphasize is that although the PTH-rP is found frequently in solid tumors, there is no evidence as yet that PTH itself is produced by any tumors except those arising from the parathyroid glands (24). It has been suggested that assays used in earlier studies showing increased serum-immunoreactive PTH in patients with malignancy (25) were in fact recognizing PTH-rP. This does not explain how these results were also obtained in patients in whom PTH-rP is not produced, such as patients with myeloma. Moreover, the similarities in the molecules are not in the regions best recognized by these older assays. An alternative explanation for the spurious immunoassay results may be that the suppressed parathyroid glands release immunoreactive but biologically inert PTH fragments.
The relationship of the PTH-rP gene to that for PTH itself should soon be known. It has recently been reported by Mangin et al. (6) that PTH-rP is encoded by human chromosome 12, whereas the PTH gene has previously been mapped to chromosome 1 
Lymphotoxin and myeloma
New proteins are being identified not only in solid tumors associated with hypercalcemia, but also in the hematologic malignancies. In myeloma, it has long been known that the malignant plasma cells produce a local cytokine that stimulates osteoclast activity (26) . Recently, the immune cell products lymphotoxin, TNF, and IL-1 have each been identified as potent stimulators of osteoclastic bone resorption in vitro (27, 28) . Similar activity is produced by normal activated immune cells (for review and bibliography, see reference 1). Although the majority of bone-resorbing activity produced by normal activated leukocytes is IL-1 beta (29), it is now apparent that the major bone-resorbing cytokine expressed by those human myeloma cells so far studied is lymphotoxin (also called TNF beta). The bone-resorbing activity produced by five cultured myeloma cell lines in vitro was substantially inhibited by neutralizing antibodies to lymphotoxin (30) . Moreover, lymphotoxin causes hypercalcemia when infused or injected in vivo (30) . Lymphotoxin is normally produced by activated T lymphocytes. It binds to the same receptor as TNF, with which it shares identical biological properties. Its biological properties also overlap with many of those of IL-1. This group of molecules may be responsible for other ectopic hormone syndromes in patients with cancer, including cachexia, hypertriglyceridemia, and probably anemia due to suppression of erythropoiesis. These cytokines not only stimulate proliferation of osteoclast progenitors (31), but also activate the mature multinucleate cells, albeit indirectly (32). However, like PTHrP produced by solid tumors, production of lymphotoxin by myeloma cells does not alone account for the hypercalcemic syndrome in myeloma. Not all of the bone-resorbing activity produced by myeloma cells can be blocked by antisera to lymphotoxin (30) , and it appears likely that other bone-resorbing factors that remain to be identified are also produced by myeloma cells.
Interestingly, human myeloma cells constitutively express mRNA for both lymphotoxin and TNF (30) . However, TNF is not released by the cells. Presumably, there is inhibition of translation or secretion of the protein.
Production of potent bone-resorbing cytokines by neoplastic immune cells may represent an aberration of the mechanisms that regulate normal osteoclastic bone resorption. Bone is normally remodeled in discrete units or packets throughout the skeleton, and the cellular events involved in remodeling are likely to be controlled by local factors produced in the microenvironment of remodeling surfaces. Normal immune cells that produce potent osteotropic cytokines such as lymphotoxin, IL-1, TNF, gamma-IFN, and TGF beta may occupy a pivotal role in the regulation of normal bone remodeling.
Relative roles ofthe kidney and bone in humoral hypercalcemia
The major organs involved in disruptions of calcium homeostasis in-hypercalcemia of malignancy are bone and kidney. Their (34) . The only conclusion from these observations can be that renal tubular calcium reabsorption plays an important role in the pathophysiology of the humoral hypercalcemia in this model. This conclusion has been strengthened recently by observations that synthetic peptides of PTH-rP increase renal tubular calcium reabsorption in vivo (9) , and Leydig tumor cells are known to produce a PTH-rP (35) . A different mechanism for increasing renal tubular calcium reabsorption has been proposed by Bijvoet and his colleagues (36) . This group has gained enormous experience over the years with the agent 3 amino-l-hydroxypropylidine-1,1-bisphosphonate (APD), a bisphosphonate that specifically inhibits bone resorption. They argue that since APD is remarkably effective in lowering serum calcium in hypercalcemia of malignancy (> 95% of patients respond), increased bone resorption must be the major pathogenetic mechanism responsible for hypercalcemia. Bijvoet and co-workers also argue that a component of increased renal tubular calcium reabsorption exists, but suggest that this occurs not as a consequence of a tumor factor but rather because of the natriuretic effect of hypercalcemia that leads to volume depletion. As a consequence, proximal tubular reabsorption of calcium, sodium, and fluid are enhanced. Sodium loading restores extracellular fluid volume and reduces enhanced reabsorption of sodium and calcium in the proximal tubules, which is due to this mechanism. However, when urinary sodium excretion exceeds 4 mmol/liter glomerular filtrate (fractional excretion of sodium 3%), the effects of a humoral factor on calcium reabsorption in the distal tubules will also be obscured (37) , because excessive natriuresis markedly enhances distal delivery ofcalcium so that reabsorptive capacity at that site is exceeded (37) . Under conditions of vigorous sodium loading, the effects of a humoral factor thus may not be apparent and increased renal tubular calcium reabsorption will be lowered whether it is due to a humoral factor or to volume depletion caused by the natriuretic effect of hypercalcemia.
The kidney is also important in the hypercalcemia of myeloma. In patients with myeloma who develop hypercalcemia, there is almost always some fixed impairment of renal function (38) that may have multiple causes. In this case, hypercalcemia results from increased bone resorption associated with decreased glomerular filtration and decreased capacity of the kidney to clear the calcium load from the extracellular fluid.
Increased osteoclastic bone resorption is obviously an important mechanism in the pathophysiology of hypercalcemia of malignancy, since hypercalcemia is improved by drugs that specifically inhibit bone resorption and increased osteoclast activity is usually a prominent morphologic abnormality. However, Ralston and co-workers (39) have recently questioned whether this increased bone resorption is important in early hypercalcemia and whether it is factor mediated. Using histomorphometric studies, they argue that hypercalcemia can occur in patients with malignancy without detectable changes in bone morphology and specifically osteoclastic resorption. Their suggestion is that the tumor factors act on the kidney to promote renal tubular calcium reabsorption, and bone resorp-tion becomes important only later in the disease when the patient is sicker and immobile. It should be appreciated that the morphologic changes in bone in patients with malignancy and hypercalcemia are not those seen in primary hyperparathyroidism, but are consistent with those seen in early stages of immobilization. For example, osteoclastic bone resorption is more prominent, subperiosteal resorption is extremely rare, and there is no evidence of increased bone formation or bone turnover, which is characteristic of florid cases of primary hyperparathyroidism. Although immobilization may play a role in promoting osteoclastic bone resorption, it is not likely to be the only or even major mechanism for bone resorption. Fully mobile animals carrying hypercalcemic tumors have prominent osteoclastic bone resorption. Moreover, in vitro studies usually show that tumors associated with hyperealcemia secrete factors that are potent stimulators of osteoclastic bone resorption.
Both increased bone resorption and impaired renal calcium excretion are clearly important in the pathophysiology of hypercalcemia, and their combined effects on serum calcium are probably synergistic. For example, a patient with substantially increased bone resorption alone may remain normocalcemic since renal calcium excretion will be enhanced, because PTH is suppressed. However, if a tumor secretes factors that in addition to stimulating bone resorption also inhibit the fractional excretion of calcium, hypercalcemia will occur more readily. Questioning whether bone resorption or renal tubular calcium reabsorption are mediated by factors or other mechanisms is useful, but the important issue is the relative importance of bone resorption compared with renal calcium excretion, and whether therapy should be tailored to the pathophysiologic mechanism. Unfortunately, the experimental approaches that are currently being used to distinguish the relative importance of bone and kidney in hypercalcemia (such as testing effects of tumor factors on plasma calcium after total nephrectomy) are too imprecise to provide this information.
Other problems to be solved Breast cancer and other tumors associated with osteolytic metastases. Approximately 25% of unselected hypercalcemic patients with malignant disease have breast cancer (40) , making it the most common hypercalcemic malignancy after lung cancer. Hypercalcemia in breast cancer occurs most commonly when there is widespread osteolytic bone destruction and in the late phases ofthe disease. Bone destruction is probably osteoclastic and occurs locally around metastatic tumor deposits, although cultured human breast cancer cells also have the capacity to resorb bone (41). The factors responsible for this bone resorption are far from clear. The majority of breast cancers do not produce PTH-rP (12) . In some cases, it is possible thai prostaglandins are involved as local stimulators of osteoclasts (42). Certainly, cultured human breast cancer cells release bone-resorbing prostaglandins when exposed to estrogens or antiestrogens (43 (15, 18, 3p) .
A number of tumors have been described that cause leukocytosis in association with hypercalcemia. These are frequently squamous cell carcinomas of the head and neck, and many of these tumors produce colony-stimulating factors ald bone-resorbing factors, and cause a hypercalcemia-leukocytosis syndrome in nude mice (49) . The colony-stimulating factors associated with the leukocytosis syndrome are probably not identical with the bone-resorbing factors responsible for increasing osteoclast activity.
Two recent reviews have focused attention on the complexities of calcium homeostasis and the oversimplified traditional view of the system as pne of simple reactive regulation by systemic hormones controlled by negative feedback. Parfitt (50) and Staub et al. (51) have drawn attention to the importance ofthe intrinsic self-oscillatory mechanism that is responsible for maintenance of plasma calcium even in the absence of hormones, and which is mediated by exchange of calcium between the bone fluid and the extracellular fluid. This calcium exchange depends on the lining cells that cover quiescent bone surfaces, and occurs independent of osteoclastic bone resorption and bone formation. Nothing is yet known of the effects of tumors or tumor factors on the exchange of calcium between the bone fluid and the extracellular fluid.
In conclusion, hypercalcemia of malignancy is an exciting area that is changing rapidly. Modem techniques in protein purification and molecular biology have effectively identified tumor-associated proteins that are involved in the syndromes of hypercalcemia associated with malignancy. These studies have improved our understanding not only of tumor biology and the production of tumor-associated proteins, but also our understanding of normal calcium homeostasis and the physiological factors that regulate osteoclastic bone resorption and renal tubular calcium handling. Identification of the factors should be followed by studies oftheir relative biological significance. The most important challenges now facing investigators in this area will be to develop adequate biological systems to test the effects of these factors on calcium homeostasis in vivo and to determine the relative importance of their actions on the various limbs of the homeostatic system.
